Abstract. Shell e↵ects can play a prominent role in fission fragment mass distributions. For lighter systems in the region of A~180-200, mass distributions were generally expected to be symmetric. However, a recent experiment showed that fission of 180 Hg following electron capture of 180 Tl leads to an asymmetric mass split. Recent calculations by various groups indicate that the mechanism of asymmetric fission could be very di↵erent in this mass region compared to the actinide region. To investigate the role of shell e↵ects in this mass region, we have measured the fission fragment mass distribution for the 13 
Introduction
Nuclear fission is a dynamic process involving large scale shape changes. One important shape variable is the asymmmetry between the volumes (masses) of the two fragments. Fission fragment mass distributions have been measured for many systems and found to be asymmetric in the fission of typical actinide nuclei for nucleon number A in the range 228-258 and proton number Z in the range 90-100. The mean mass of the heavy fragment remains constant at around 139±1 and the mass of the light fragment increases linearly with the mass of the fissioning nucleus. The liquid drop model, which was reasonably successful in explaining the fission process, is unable to explain the mass distribution at lower energies for fission of nuclei in the mass region 228-258. Shell e↵ects in the near scission configuration fragments were required to explain fission fragment mass distributions.
For lighter systems, it has been observed that fission fragment mass distributions are usually symmetric. It is di cult to measure fission fragment mass distributions at reasonably low excitation energy in such low fissility nuclei (in the mass region of 180-200). At high excitation energies the shell e↵ects are expected to vanish and the nuclei are expected to behave like a charged liquid drop; hence, only symmetric fission is expected. Even after much experimental and theoretical work in this field, the rate of damping of shell e↵ects with excitation energy is not well known. a e-mail: ramachandran.kandasamy@anu.edu.au b e-mail: david.hinde@anu.edu.au
The recent observation of asymmetric fission of 180 Hg following the electron-capture decay of 180 Tl [1] has triggered a lot of interest. This fission naturally occurs at a low excitation energy, and hence shell e↵ects, if present, are expected to be observed in the fission fragment mass distribution. Calculations [1] showed that the potential energy surface (PES) for this nucleus has a deep symmetric valley at large deformation of the compound nucleus. Still, the nuclei were fissioning with an asymmetric mass split rather than a symmetric one. The reason given by the authors was as follows. The fissioning nuclei had an asymmetric trough in the PES at lower elongation along the fissioning axis, separated by a symmetric ridge which finally disappeared at high elongation. When the nuclei reached close to the symmetric valley in the PES, the neck of the fissioning nucleus had constricted so much that not much mass exchange could occur between the fragments towards the symmetric valley; hence, the mass degree of freedom was essentially frozen at that point. As a result, nuclei which were travelling through the asymmetric trough in the PES remained asymmetric until they fissioned. The centroid of the asymmetric mass peak is expected to be a↵ected by the presumed small amount of mass exchange taking place at the later stage. This measurement [1] , which had low compound nucleus excitation energy, showed the importance of dynamical e↵ects in the fission process rather than the simple shell correction to the potential energy surface near scission in this mass region. There were also a few measurements in this mass region by M.G. Itkis et al. [2, 3] in the 1990s, which showed either a flat topped mass distribution or even a dip in the centre of the mass distribution. Further analysis of [5] [6] [7] [8] . These calculations explained the data very well. There were also some preliminary predictions of an asymmetric mass split in the neutron rich W, Re, Os and Ir isotopes by P. Möller and J. Randrup [9] that seem to be influenced by the spherical doubly magic 132 Sn nuclei. The enhanced stability around 132 Sn is believed to play a role in the fission of actinide nuclei and also in a few of the heavy preactinide nuclei (fission mode Standard I according to the terminology of Brosa et al. [10] [2, 4] . One important question to ask at this point is about the e↵ect of the N/Z ratio: Is a particular combination of deformed/spherical shell structure of the fragments responsible for this e↵ect? Calculations by P. Möller [5] et al. also indicate the importance of N/Z ratio on the fission fragment mass distribution. Their calculation has predicted a more asymmetric fission with increasing excitation energy for the very neutron deficient isotopes of mercury, namely 174 Hg and 176 Hg which is opposite to expectations, while the other not so neutron deficient isotopes were behaving normally. With this background, it is important to measure the mass distribution of various nuclei in this mass region. This paper reports our measurements with 13 C beams on 182 W and 176 Yb targets.
Experimental Details and Analysis
The experiment was performed using the Heavy Ion Accelerator Facility at Australian National University, Canberra, Australia. The experiments were performed with pulsed 13 C beams of 60, 63 and 66 MeV in energy, with a pulse separation of 106.7 ns. Thin 182 W and 176 Yb targets were used for the experiment to minimize the fragment energy loss in the target. The 182 W target was of thickness 25 µg/cm 2 with a 15 µg/cm 2 nat C backing, whereas the 176 Yb target was of thicknesses 74 µg/cm 2 with a similar nat C backing. In experiments with fission of such low fissile nuclei, high Z target impurity of even a 1ppm level could be problematic at energies above the Coulomb barrier. To minimize any such contribution, the beam energies were chosen to be just above the Coulomb barrier for the target of interest but below the Coulomb barrier for the possible high Z impurity ( 232 Th, 238 U). We have used the CUBE detector setup (see fig.1 ) which consists of two large-area (284 mm x 357 mm) position sensitive multi-wire proportional counters (MWPCs) mounted at a distance of 180 mm from the target center. The forward detector was at a scattering angle of 45 and backward detector was at 135 with respect to the beam. Both the detectors had an angular coverage of 77 . For each fission fragment entering the MWPCs, the timing, energy loss in the gas, and position information corresponding to X and Y were recorded. The master trigger was generated from the backward detector in order to minimize triggers due to elastic scattering. The fragment velocity vectors are determined using the position and timing information from the MWPCs. The mass ratio (M R ) is defined as:
where A i (with i=1,2) represents the masses of each fragment i and V i represents the center-of-mass velocity of each fission fragment. The above equation will not be valid if neutron evaporation changes the velocity of the fragment. In this event, some of the kinematic information is lost due to the undetected neutron. However, the isotropic nature of neutron emission means that the spread in the detected fragment velocity will increase while the average velocity will remain the same. Hence, with a good statistics the above equation should be applicable for calculating the mass ratios of the experimental data. While calculating the velocity of the fragments, energies of the fission fragments were corrected appropriately for energy loss in the target and backing; the beam energy was also corrected for energy loss in the target, assuming interactions occurred at half the target thickness. For pure compound nucleus fission, the avarage parallel component of the velocity is expected to be equal to the recoil velocity of the compound nucleus and the average velocity of the perpendicular component is expected to be zero. In the two reactions studied here, only compound nucleus fission is expected. Hence, a gate was applied on the 2D spectrum of parallel velocity versus the perpendicular velocity to exclude reactions with light impurities in the target and also to suppress random coincidences. Further details of the experimental setup and analysis procedure can be found in [11, 12] .
The experimental mass ratio spectra for 13 C+ 182 W ! 195 Hg are shown in Fig. 2, 3 there is no presaddle neutron evaporation. Due to the low fissility of 195 Hg, mostly first chance fission is expected; hence the assumption of no presaddle neutron evaporation is reasonable. Two Gaussian Fit-Peak2 Two Gaussian fit sum peak Figure 6 . Fission fragment mass ratio distribution data along with single and double Gaussian fits for the 13 C+ 176 Yb ! 189 Os system at E* g.s. =47.3 MeV.
The mass ratio distributions are reasonably well described by a single Gaussian with centroid at 0.5. To check whether there are any mass asymmetric components in the spectra, we have also fitted the data with two Gaussians. The fitting was constrained to have the same width and area in both the peaks. Tables 1 and 2 provide the width of the mass ratio distribution, and the 2 /DF with single and double Gaussian fits respectively. Data at the two highest energies with much better statistics are better explained by a two Gaussian fit rather than a single Gaussian fit. Table  3 shows the centroids of the double Gaussian fit for these two energies. Neglecting prescission neutron evaporation, these mass ratio centroids correspond to fission fragment mass numbers 91 and 104 for the light group and heavy group respectively. The light fragment mass is same as the mass for nuclei with semi-magic shell closure at Z=40 and N=50. The calculation by A.V. Andreev [6] et al. predicts a similar centroid for the mass distribution of the neighbouring 196 Hg isotope. The experimental mass ratio spectra for 13 C+ 176 Yb ! 189 Os are shown in Fig.5 Tables 1 and 2 provide the width of the mass ratio distribution, and the 2 /DF with single and double Gaussian fits respectively for 13 C+ 176 Yb ! 189 Os. The mass ratio distributions are well described by a single Gaussian with centroid at 0.5. The double Gaussian fit doesn't give a significant improvement. Indeed, the 2 /DF is worse as another fit parameter is introduced.
Summary and Conclusions
The fission fragment mass distribution has been measured for 13 C+ 182 W and 176 Yb systems using the CUBE detector. The 13 C+ 182 W ! 195 Hg fission show flat topped mass distribution as might be expected. The experimental data were fitted with single and double Gaussians to understand the nature of the mass split for all energies. For 13 C+ 182 W system at the two highest excitation energies, the two Gaussian fit better represents the data, and at the lowest excitation energy, there is not a significant di↵er-ence in the quality of fit between single and double Gaussian fits due to poor statistics. The centroid of the mass distribution peaks at around 91 mass units for the lighter fragment and at around 104 mass units for the heavy fragment. It is interesting to note that the light mass group is close to the Z=40 and N=50 semi-magic shell closure. For the 13 132 Sn fragment. It will be interesting to calculate the PES for these two systems and perform dynamical model calculation to understand the mass distribution.
